Abstract -The nuclear radiation damage due to displacement and ionization effects on power devices is well known. This affects the performance of the systems, which use these power devices. This paper presents a study on the performance degradation of a modern power supply unit operating in a nuclear environment. In this paper, a buckboost converter has been considered which is used for feeding dc power to various electronic systems, dc drives, etc. in nuclear power plant. The power devices, which constitute the buck-boost converter, were irradiated with gamma rays and the basic parameters were monitored to determine the deviations. The experimental results have been utilized to find out the probability of failure of each device of the power converter and subsequently the reliability evaluation of the buck-boost converter has been carried out using fault tree analysis. The experimental database has been used to mathematically model the gamma radiation effects, which helps in predicting the life of electronic systems in a nuclear environment. The polynomials derived are very useful for enhancing the availability of modern power supply system working in a nuclear environment. The buck-boost converter has been simulated using PSpice to analyse the overall effect of gamma radiation damage on the modern power supply system by feeding experimental results of individual power devices into the simulation. Detail experimental and analysis results are presented.
INTRODUCTION
The neutron and gamma rays emitted during the release of nuclear energy can cause severe ionization and atomic displacement damages, especially in power devices, which constitute modem power supply systems. Some power devices are more sensitive to ionization effects while some are dominated by displacement damage. The deviations in the properties are dependent upon the integrated dose as well as the dose rate the device undergone. Available literature focuses on the characteristics degradation of the power devices qualitatively [ 11. Many authors have highlighted the fact that common emitter current gain of the transistors degrades due to lower dose rate, but the precise value of dose rate has not been reported [ 2 ] . It can be concluded that every active device suffers degradation due to the effect of nuclear radiation [3, 4] . The qualification of the power supply system operating in a nuclear environment is a crucial issue.
In modern power supply systems, the conventional rectifiers are replaced with switched mode configurations (e.g. buck, boost, buck-boost, cuk etc.). Many such units are installed as auxiliary sources for feeding power to the sophisticated electronic systems in nuclear installations. In the vicinity of gamma radiation, the power devices in these power sources may initiate degradation in their normal characteristics, which turns into deviation in the desired specifications of the power sources. The irradiation affects the reliability, efficiency, regulation, close loop characteris tics e.g. controllability, time response, etc. of these power sources. As these power sources feed auxiliary power to the safety-related equipment/electronic system, the overall safety of the safety-related system gels compromised [5, 6] .
In this paper, a buck-boost converter has been considered which is utilized for supplying variable dc power supply to various electronic systems, dc drives, etc. in a nuclear power plant. The objective of the work is to evaluate the perfonmance reliability of the power converter under gamma radiation exposure. The diodes (utilized in rectifier bridge configuration and the buck boost stage), power tranijistor (the main switching device) and the inductor and capacitor connected across the output (for filtering) have been irradiated and the deviations in their basic characteristics/parameters have been monitored on-line to determine the critical total integrated dose (TID) for respective devices. These experimental results have been used to analyze the reliability of the power source in a nuclear environment. The paper is organized as follows.
Section 11 describes the basic radiation damage mechanisms and strategy for accelerated test procedure. Section I11 highlights the experimental results and subsequent observations. Section 1V presents the simulation details of modern power supply system under gamma radiation exposure using PSpice whereas section V describes the performance reliability evaluation of the power source using fault tree analysis. The mathematical representation of the generated database to predict the life span of these power devices has also been presented in this section. Section VI summarizes the conclusions of this work.
BASIC RADIATION DAMAGE MECHANISMS AND STRATEGY FOR ACCELERATED TEST PROCEDURE
The power devices are affected by two basic radiation damage mechanisms. The displacement damage is due to neutron radiation as they are relatively heavy uncharged particles. They collide with the lattice atoms of the semiconductor, dislodging or displacing them from their lattice sites to cause them to take up interstitial positions within the crystal. The ionization damage is due to neutron through secondary processes, by way of collisions. It is also due to gamma rays where the photoelectric effect, Compton effect and pair production are ionization-causing processes and so hole-electron pairs are produced. In ionization damage, the energy absorbed in insulating layers liberates charge carriers that diffuse or drift to other locations where they are trapped, leading to unintended concentrations of charge [7] .
Normally, the dose value, device undergoes during normal operation is very small (50 to 100 radshour). To determine the ability of a device to withstand, without failure, the accumulated dose in a service life requires a long time. The accelerated testing is adopted where the magnitudes of environmental and operating stresses are higher than existing under normal use conditions. The purpose of accelerated testing is to obtain reliability data (failure rate, life-span) in 3 to 6 months, which will correspond to 30 to 40 years of ageing. One of the most important constraints in accelerated testing in that failure mechanism should be same under accelerated and natural ageing. This puts a limitation on the magnitude of accelerated stress. Once the reliability data is generated under accelerated conditions, failure rate or life span is extrapolated under normal working conditions with the help of empirical mathematical equations [8].
The measure of reliability of a device or power supply system is the frequency at which failures occurs in time. Thus the failure rate is an index of reliability and is denoted by h and defined by the following equation:
where r is the number of failures in time t out of N number of devices or systems under consideration. Reliability is assured by assessment and up-gradation.
Assessment is done where a systematic survey is carried out regarding past performance history of identical devices or systems in use since last 5 to 10 years so that data generated can be considered statistically significant and reliable. The above survey will provide fairly accurate and reliable data regarding long-term performance based on which the future decisions can be taken to enhance the reliability.
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GAMMA IRRADIATION OF POWER DEVICES-EXPERIMENTAL RESULTS
The facility called 'Gamma Chamber' having Cobalt-60 as a radiation source has been used for the irradiation experiments. Considering the above mentioned test strategy, the accelerated value of the gamma radiation dose has to be chosen carefully to obtain the highly reliable experimental data, which can be used for predicting the future performance of the devices/components/electronic systems. To observe carefully the mode of failure in the power supply system under test, the on-line monitoring with the help of precision instruments has been adopted. Preliminary tests have been performed on few samples of the devices to identify the accelerated value of gamma radiation dose to be exposed on the devices incorporated in the power supply system. As the deviation in the parameters of the power devices initiated at few krad of gamma radiation exposure, the dose rate of 100 krads/hour was selected as an accelerated dose value so that the critical total integrated dose value can be found out by exposing the devices for short duration, easily and accurately. The online measurement also helps in finding out the critical TID of the devices, which helps for identification of the equivalent device for replacement in the circuit. The sample size of the devices for the experiments has been chosen to obtain the accurate and reliable observations. Fig. 1 shows "Buck-Boost" power supply unit under study. The power devices viz. rectifier diode (150 LMR. 150), power switching transistor (2N 3773) and passive devices inductor & capacitor have been used for designing the above mentioned buck-boost power supply unit. The buck-boost diode is also of the type of rectifier diode mentioned above, which gives the variable DC output depending upon the switching strategy of the power transistor. The converter has been operated at duty cycle of 50 YO. The operation of the buck-boost power supply unit is mainly depends on the proper functioning of the power devices incorporated in the circuit. The passive elements viz. inductance and capacitance helps in smoothing the DC output applied to the load. The output of the unit is fed to the safety and safety-related electronic systems, etc. in the nuclear power plant. In view of this the performance reliability of the buck-boost power supply unit under gamma radiation exposure is a very important issue. Besides, the high gain NPN transistor (2N 3565), used widely in signal amplification circuits, is also chosen for irradiation to study the gain degradation phenomena. The manufacturer's data sheets were referred for carrying out pre-radiation measurements. The most important parameters like breakdown voltage, reverse leakage current for rectifier diodes and common emitter current gain for transistors were selected and measured €or evaluating the performance. The gamma irradiation of inductor and capacitor used in the above converter has been carried out at various dose rates and no significant changes in their values have been noticed during the irradiation. Fig. 2 shows the test set-up for on-line measurement of the above mentioned performance parameters of the power devices and signal transistor. The precision multimeters with the desired accuracy and appropriate resolution has been connected in the test setup. Table I and I1 shows pre and post irradiation measurements of power devices and signal transistors, respectively. It may be observed from Table I that the breakdown voltage of the rectifier diode reduced to 85% whereas the reverse leakage current increased by 73% after exposing to 500 krads. The common emitter current gain of power switching transistor reduced to 10% after exposure of 500 krads. The total integrated dose of 4-5 krads and 9-10 krads appears to be the threshold value for the power switching transistors and the rectifier diodes respectively. The threshold value of total integrated dose for the high gain npn transistors is found to be between 2-3 bads as observed from Table 11 . The common emitter current gain of high gain npn transistor decreases non-linearly to zero for the exposure of 10.1 ldrads. The initial degradation in the parameters of these devices has been found to be severe than the latter and the changes were too small at the exposure of higher doses of gamma radiation. These observations were quite consistent for all the samples selected for the irradiation. 
Iv. PSPICE SIMULATION OF BUCK-BOOST CONVERTER UNDER GAMMA RADlATlON EXPOSURE
Buck-boost converter has been simulated using PSpice to analyse the overall effect of gamma radiation damage on the modern power supply system by feeding experimental results of individual power devices into the simulation. The deviation in the parameters observed during the irradiation of the power devices has been given as an input for obtaining the output of the power supply unit. It is observed that the output voltage, load current and current through the inductor deviates from the preset value due to the gamma radiation exposure. The load regulation also has been found to be affected. This is basically due to the increase in the on-state resistance of The fault tree itself is a graphic model of the various parallel and sequential combinations of faults that will result in the occurrence of the predefined undesirable event. The faults can be events that are associated with component hardware failures, human errors, or any other pertinent events, which can lead to the un-desired event.
A fault tree thus depicts the logical interrelationships of basic events that lead to the undesired event, which is the top event of fault tree [9].
A fault tree is a combination of logical entities known as "gates" which serve to permit or inhibit the passage of faults events through the tree. The logical gates show the relationship of events needed for the occurrence of a 'higher' event. The 'higher' event is the output of the gate, the 'lower' events are the inputs to the gate. The gate symbol denotes the type of relationship of the input events required for the output events.
The reliability block diagram of the buck-boost converter has been configured according to the circuit operation, as shown in Fig. 5 for calculating the probability of failures of the power supply as a whole. As in the electricaVelectronic circuit, any change in the parameter of the component changes the output of the system, the "OR' gate has been used to form the fault tree of the system. To determine the probability of failure of each device, the test results obtained have been utilized. The overall probability of failure of the entire power supply circuit has been determined from the reliability block diagram and the values calculated as a probability of failure for each device. The probability figures shown in Table 111 
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Buck-Boost probability of failures of various components incorporated in the power supply unii: as mentioned in Table 111 , the overall probability of failure of the buck-boost power supply unit has been found to be around 7 YO. As the failure probability of the power switching transistor is more, it is necessary to replace the same by an equivalent transistor having superior characteristics i.e. higher common emitter current gain. This method can enhance the reliability of the devices and in turn the power supply unit. The fault tree analysis method helps in determining the performance reliability of a buck-boost power supply system (or any other supply system for that matter) operating under nuclear environment. Efforts were made to mathematically represent the experimental data for predicting life span and the Mean Time Between Failure (MTBF) of power devices. The experimental results show a clear non-linear degradation pattern, where the initial degradation is found to be very severe than the latter one. Table IV shows the polynomial expressions derived from the experimental data to help in assessing the extra-polated life of power devices utilized in the bock-boost converter, which helps in preventing major breakdown in the power supply system, reduction in maintenance requirements and hence the downtime of the nuclear reactor. The polynomials derived are found to be accurate and very useful for enhancing the operational availability of modern power supply system working in a nuclear environment. The mathematical representation of the gamma radiation effects is a powerful and sophisticated tool to predict the extrapolated as well as interpolated results and can help in reliability up-gradation of the power devices and in turn the modern power supply systems operating in a nuclear environment. Common Emitter Currcnt Gain (hre) (X) = TID in krads y = l561.86037-(0.80164) * x+(0.00322) * x'-(g.~2958*10-") * x-"+(7.91226*"") * x+ y = 140.04668+(0.43826) * X-(8.0747*10-') *X'+(1.59616*10~') *X'+(l.l7535*l0~') *X"
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The buck-boost power supply unit incorporating the power devices viz. rectifier diodes, power switching transistor, buck-boost diode has been analyzed under the effects of gamma radiation exposure. The rectifier diode and the power switching transistor have been found to be affected due to gamma irradiation. The breakdown voltage of rectifier diode reduced to 85 % whereas the reverse leakage current increased by 73 % after-exposing to 500 krads. The common emitter current gain of power switching transistor reduced to 10 % after gamma exposure of 500 krads. The TLD of 4-5 krads and 9-10 krads appears to be the threshold value for the power switching transistor and the rectifier diode respectively. The threshold value of TID for the high gain npn transistor is found to be between 2-3 krads. The initial degradation in the parameters of the devices is found to be severe than the latter.
The bock-boost converter has been simulated using PSpice to analyse the overall effect of gamma radiation damage on the modern power supply system by feeding experimental results of individual power devices into the simulation. The simulation results have shown the reduction in the outpiit voltage and load current of the converter by 25 % after the exposure of 500 krads, which affects the regulation characteristics of the power supply system. This is basically due to the increase in the onstate resistance of the switching power transistor, which leads to the subsequent deviation in the switching characteristics of power switching transistor incorporated in the power supply system. The TID of 100 krads appears to be the critical value, obtained from the simulation, for the buck-boost power supply unit. With the help of simulation results, one can estimate the life span of the modern power supply system operated in niiclear environment, The reliability block diagram of the buck-boost converter has been configured according to the circuit operation for calculating the probability of failures of the power supply as a whole. The fault tree method has been adopted by utilizing the test results obtained to determine the overall reliability of the power supply system, which is found to be 93 %. The polynomial expressions derived from the experimental data to help in assessing the extra-polated life of power devices utilized in the buck-boost converter, which helps in preventing major breakdown in the power supply system and subsequently reduces the maintenance requirements. The mathematical representations obtained are found to be accurate and very useful for enhancing the operational availability of modern power supply system working in a nuclear environment.
